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a b s t r a c t
We analyzed the phylogenetic and time–space relationships (phylodynamics) of 181 isolates of vesicular
stomatitis New Jersey virus (VSNJV) causing disease in Mexico and the United States (US) from 2005
through 2012. We detail the emergence of a genetic lineage in southern Mexico causing outbreaks in
central Mexico spreading into northern Mexico and eventually into the US. That emerging lineage
showed higher nucleotide sequence identity (99.5%) than that observed for multiple lineages circulating
concurrently in southern Mexico (96.8%). Additionally, we identiﬁed 58 isolates from Mexico that, unlike
previous isolates from Mexico, grouped with northern Central America clade II viruses. This study
provides the ﬁrst direct evidence for the emergence and northward migration of a speciﬁc VSNJV genetic
lineage from endemic areas in Mexico causing VS outbreaks in the US. In addition we document the
emergence of a Central American VSNJV genetic lineage moving northward and causing outbreaks in
central Mexico.
Published by Elsevier Inc.
Introduction
Vesicular stomatitis (VS) is the most common vesicular disease
affecting livestock throughout the Americas (Rodriguez, 2002).
Clinical signs of VS in cattle and pigs are indistinguishable from
foot and mouth disease (FMD), one of the most devastating viral
infections of livestock. Thus, VS causes alarm and economic losses
associated to animal quarantines and trade embargoes when it
occurs in FMD-free areas and the occurrence of VS greatly
exacerbates the inherent difﬁculties involved in the control of
FMD in South America (Valbuena et al., 2000). Horses can also be
infected by VS viruses (VSV) and outbreaks typically result in
quarantines and stop-movement measures that cause disruption
to horse shows and trade (Bridges et al., 1997).
The causal agents of VS are members of the family Rhabdoviridae
and the genus Vesiculovirus (Wagner and Rose, 1996). Two main
serotypes of VSV have been described: New Jersey (VSNJV) and
Indiana (VSIV). These viruses are endemic from northern South
America (Colombia, Venezuela, Ecuador, and Peru) to southern
Mexico, with VSNJV being responsible for roughly 80% of the clinical
cases reported annually (Hanson et al., 1968). In endemic areas, VS
outbreaks are seasonal, often associated to the transitions between
the rainy and dry seasons (Hanson, 1981). In Mexico and the US, the
NJ serotype has been responsible for the great majority of VS cases
for at least the last 2 decades with the last published report of an IN
outbreak in Mexico dating back to 1997 and 1998 in the US
(Rodriguez et al., 2000).
Phylogenetic analysis of VSNJV isolates suggests an evolu-
tionary pattern in which geographic rather than temporal
factors inﬂuence the evolution of the virus (Nichol et al.,
1989). There is evidence that ecological factors (typically dic-
tated by geography), rather than immune selection, are the main
selective forces inﬂuencing VSNJV evolution in endemic areas.
Within these endemic areas, speciﬁc viral genetic lineages can
be maintained for many years (decades) with little genetic
change. This genetic stability within endemic regions allows
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the use of phylogenetic analysis to infer the geographical and, in
some cases, ecological zone from which viral strains originate
(Rodriguez et al., 1996).
Vesicular stomatitis is endemic in the southern states of
Mexico along the Isthmus of Tehuantepec where multiple
genetic viral lineages are maintained on a yearly basis. In
contrast, in Mexico's central and northern states VS has cyclic
epidemic occurrence, usually associated with only a single
genetic lineage (Arroyo et al., 2011). In the US, VS epidemics
occur in sporadic cycles of 8–10 year intervals, starting usually in
the border states of Arizona, New Mexico or Texas and spreading
as far north as Colorado and Wyoming (Perez et al., 2010;
Rainwater-Lovett et al., 2007). The factors responsible for the
cyclic epidemics of VS in central and northern Mexico as well as
in the southwestern US remain unclear. However, there is
evidence that viral strains causing outbreaks in the southwes-
tern US are monophyletic and are genetically closely related to
speciﬁc viral lineages occurring in endemic areas of Mexico
(McCluskey et al., 2003; Rainwater-Lovett et al., 2007; Rodriguez
et al., 2000). Currently, two hypotheses exist regarding the
natural cycle of VS in the southwestern US. The ﬁrst proposes
that VS has an endemic transmission cycle in reservoir species
from which the virus periodically infects domestic animals
(Webb et al., 1987). The second hypothesis maintains that each
VS outbreak is an introduction of the virus into the US from
endemic areas elsewhere (Rodriguez et al., 2000). The latter
hypothesis is consistent with data obtained from recent out-
breaks in the US, where the viral strain involved in the outbreak
was genetically related to viral strains circulating in Mexico
(Rainwater-Lovett et al., 2007; Rodriguez et al., 2000). Although
there is no evidence of long term maintenance of VSNJV in the
US, there is evidence that under certain conditions, viruses from
Mexico introduced into the US may over-winter for up to
consecutive three years (Perez et al., 2010).
In this study we report the phylogenetic and time–space
relationship (phylodynamics) of VSNJV in Mexico from 2005 to
2011 in terms of evolution, spatial and temporal distribution
and the relationship to a recent outbreak in the US in 2012.
An unusually large outbreak was detected in the central (non-
endemic) states of Mexico (Puebla, Guerrero and Morelos)
starting in 2006, which spread progressively through the north-
ern (non-endemic) states of Mexico and eventually affected the
southwestern US in 2012. This outbreak was likely caused by a
viral genetic lineage circulating endemically in southern Mexico
since 2005. Additionally, we identiﬁed 58 isolates from Mexico
that unlike all previous isolates (hundreds) from Mexico and the
US (with exception of the Ogden (Utah, 1949) strain) did not group
within the typical North American clade of VSNJV (clade I)
(Rainwater-Lovett et al., 2007; Pauszek and Rodriguez, 2012).
These 58 isolates grouped within a clade (clade II) comprised of
other isolates from northern Central America and the Ogden
strain. To the authors' knowledge, this is the ﬁrst report using
phylodynamics to characterize an outbreak that is sourced from
an endemic region of Mexico, spreads throughout central and
northern Mexico and eventually into the southwestern US. Our
data provides direct evidence to support the hypothesis that VS
outbreaks in the US originate from viruses circulating in ende-
mic areas of Mexico and cause epidemics in central/northern
Mexico en route to the US. We also document the introduction
of a novel genetic lineage originating from northern Central
America into Mexico causing an increasing number of outbreaks
in central Mexico. Monitoring genetic lineages in endemic and
non-endemic areas of Mexico might provide an early warning
for future VS incursions into the US and allow preven-
tive measures to mitigate the severe economic impacts of these
outbreaks.
Results
Phylogenetic analysis
Initial phylogenetic analysis showed the isolates in this study
grouping into two of the six clades previously described for VSNJV
(Fig. 1) (Pauszek and Rodriguez, 2012). Clade I was comprised
exclusively of viruses from North America and clade II includes
viruses from North America and northern Central America. Clades
IV, V and VI include Central American viruses and clade III includes
Central and South American viruses. Of the 181 isolates of VSNJV
collected between 2005 and 2012, 176 were collected in 19 states
in Mexico and 5 isolates originated from the US (New Mexico). We
identiﬁed 74 distinct haplotypes, thus 107 of the isolates were
identical to at least one other isolate in the hypervariable region of
the P gene. The 181 sequences had an average, minimum and
maximum percent nucleotide similarity of 92, 89 and 100%,
respectively. The dominant haplotype contained 58 isolates and
was deﬁned as lineage 1.1. There was high genetic heterogeneity
among the isolates from Mexico with an average of 17% nucleotide
divergence in the P gene hypervariable region, while the 5 US
isolates were almost identical to each other (o1% nucleotide
divergence). Phylogenetic analysis revealed that 123 of the 181
viruses, including the 5 US viruses, grouped with viruses pre-
viously found in North America into clade I. The remaining viruses
grouped within the northern Central American clade II which
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Fig. 1. Unrooted maximum likelihood phylogenetic tree deduced from a fragment
of the phosphoprotein gene showing that the isolates from Mexico group into two
distinct clades. The previously described six principal clades (I through VI) of VSNJV
are encirlced by a broken line and for simplicity, clades II–VI are represented by a
single virus. Clade I, the North American clade, is represented by both isolate
NJ52GAP from the Southeastern US and isolate NJ0695NMB from the Southwestern
US. All viruses in lineage 1.1 (n¼91) and 1.2 (n¼9) collected in Mexico and the US,
grouped within clade I and are represented by black triangles. Isolate NJ0905CPB2
and all of the lineage 2.1 (n¼42) and 2.2 (n¼15) isolates (represented by expanding
black triangles) grouped within clade II. Detailed phylogenetic analysis of clade I
and clade II isolates from Mexico are shown in Figs. 2–4.
L. Velazquez-Salinas et al. / Virology 449 (2014) 17–2418
contains viruses from Guatemala, Honduras, El Salvador, Nicaragua
and Belize in addition to a 1949 virus from Utah (Ogden strain)
(Fig. 1). The average nucleotide diversity between clade I and clade
II was 18%.
Analyses of clade I viruses showed the existence of multiple
distinct genetic lineages co-circulating in Mexico during the study
period (Fig. 2). Isolates collected in the southern states (Chiapas,
Tabasco, Veracruz) grouped in multiple genetic lineages with an
average nucleotide diversity of 3%, typical of VSNJV endemic areas.
Interestingly, within clade I, only viruses belonging to lineage
1.1 were found outside the three endemic southern states
(Tabasco, Chiapas and Veracruz). Viruses within this genetic line-
age had little nucleotide diversity (0.5%) (Figs. 2 and 3).
Tracking lineage 1.1
There was an unusually large epidemic of VSNJV in central and
northern Mexico that started in 2006 and peaked in 2008–2009
(Arroyo et al., 2011). Viral isolates from this epidemic fall within
lineage 1.1 (Fig. 3). Lineage 1.1 was ﬁrst detected in 2006 in the
central states of Puebla, Guerrero and Morelos. In 2007 new cases
were conﬁrmed in Estado de Mexico, Guerrero and Oaxaca.
In 2008 lineage 1.1 spread to Jalisco, Michoacán, Guerrero, Guana-
juato, Queretaro, Nayarit and Aguascalientes. In 2009, it was
conﬁrmed in Michoacán, Sinaloa, Chihuahua and Sonora (the
latter two being states that border the US) (Figs. 3 and 4).
In June of 2009, VSV infection was serologically conﬁrmed in
horses in the US in Texas and New Mexico. However, the diagnosis
was based only on clinical signs and serology, without virus
available for genetic characterization (http://www.aphis.usda.
gov/vs/nahss/equine/vsv/vsv_background09.htm). Coincidentally,
in March of 2009, viruses belonging to lineage 1.1 were found in
Sonora and Chihuahua, two states that share a border with the US
(Fig. 4). In May of 2010, VSV infection was conﬁrmed in horses in
the US in Arizona with the diagnosis again based only on clinical
signs and serology (http://www.aphis.usda.gov/vs/nahss/equine/
vsv/vsv_background_2010.htm). In 2012, a VS outbreak started in
New Mexico in April and spread north to the border with Colorado
by August (http://www.aphis.usda.gov/vs/nahss/equine/vsv/vsv_
background_2012.htm). Five isolates from this outbreak in 2012
in New Mexico were recovered and sequenced. Phylogenetic
analysis showed that they all fall within lineage 1.1 (Fig. 3). There
was only a single nucleotide substitution in the P gene hypervari-
able sequence between four of the ﬁve US isolates (NJ0612NME1,
4, 6 and 7) and the index case from Puebla in 2006 (NJ1006PBB).
The remaining US isolate (NJ0612NME5) had four nucleotide
changes when compared to the index case. The 91 isolates in
lineage 1.1, collected from 2006 through 2012, had an average
nucleotide percent similarity of 99.5%. This is remarkable given the
great genetic divergence of VSV in endemic regions and evidenced
by the branching topology of phylogeneic trees shown in
Figs. 2 and 4.
A group of viruses closely related to lineage 1.1 was collected in
the southern, endemic states of Tabasco and Veracruz from 2005
through 2009 and formed a monophyletic group identiﬁed as
lineage 1.2 (Fig. 3). This group of nine isolates had average and
minimum nucleotide similarities of 99.18% and 97.5%, respectively.
The ﬁrst virus associated with this lineage was recovered from a
bovine in Tabasco in 2005 (NJ0905TBB2), and was later found in
Veracruz in September of 2006 (NJ0906VCB and NJ0906VCP), one
month prior to the index case of lineage 1.1 (NJ1006PBB). Geneti-
cally, lineage 1.2 is very similar to lineage 1.1 (Figs. 2 and 3) and the
average nucleotide similarity between 1.1 and 1.2 was 97.76%.
Based on their temporal and geographic proximity as well as their
phylogenetic relationship, it is possible that lineage 1.2 was either
the immediate ancestor or shared recent common ancestry with
lineage 1.1.
Central American clade II in Mexico
A surprising and important ﬁnding of this study was that 58
isolates collected in Mexico from 2005 to 2011 did not group
within the typical North American clade I, but rather grouped with
the northern Central American clade II (Figs. 1 and 4). To the
authors' knowledge, this is the ﬁrst report of a VS virus from
Mexico not grouping genetically within the North American clade I.
It is important to note that all VSNJV isolates from Guatemala and
Belize (the two countries which border Mexico on its southern
side) sequenced to date group within the northern Central Amer-
ican clade II. The earliest isolate from Mexico which groups within
clade II was recovered from a bovine in the state of Chiapas (which
borders Guatemala) in 2005 (NJ0905CPB2) and was not found
again anywhere else. A group of clade II viruses was found in
Mexico starting in 2008 in Tabasco, Chiapas, Campeche and
Oaxaca (all of which border Guatemala except Oaxaca). This
monophyletic group, referred to as lineage 2.1, with an average
and minimum nucleotide similarity of 99.44% and 97.05%, respec-
tively, had spread through eight states (Tabasco, Chiapas, Cam-
peche, Oaxaca, Veracruz, Guerrero, Guanajuato and Puebla) by
2011 (Fig. 4). Lastly, an additional group of isolates was collected in
2011 from Chiapas, Tabasco and Veracruz, and is referred to as
lineage 2.2. Lineage 2.2 had an average and minimum nucleotide
similarity of 99.71% and 99%, respectively. The average similarity
between original clade II virus NJ0905CPB2 and lineage 2.1 and
lineage 2.2 was 96.72% and 96.45%, respectively, while the average
similarity between lineage 2.1 and lineage 2.2 was 97.46%. The
topology of the phylogenetic tree suggests at least three separate
incursions (NJ0905CPB2 and lineages 2.1 and 2.2) of VSNJV from
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Fig. 2. Maximum likelihood phylogenetic analysis of 123 clade I viruses from
Mexico and the US, collected from 2005 through 2012, and their relationship with
previously characterized outbreaks from the southwestern US. US outbreaks are
shown as an expanding black triangle followed by the year(s) of the outbreak. The
shaded section of the phylogentic tree containing lineages 1.1, 1.2 is shown
expanded in Fig. 3.
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northern Central America into Mexico, although the lack of
concurrent isolates from Guatemala and Belize makes additional
interpretation difﬁcult (Fig. 4).
Time–space clustering of lineages
Two time–space clusters were identiﬁed in which certain
lineages were more likely to be identiﬁed, when compared to
the null hypothesis of random distribution of lineages (Fig. 5). The
ﬁrst cluster was centered at latitude 19.829040, longitude
104.112520, had a radius of 726.05 km, and lasted for 30 months,
from October 2006 through March 2009. This cluster was almost
exclusively composed of viruses from lineage 1.1, with 82 virus
isolates, representing 1.99 times more cases of this lineage than
the expected under the null hypothesis of even distribution of
lineages. The only other lineage in this cluster was 2.1 with only
three occurrences. The second cluster was centered at latitude
17.134200, longitude 93.220190, had a radius of 446.11 km, and
lasted for 43 months, from May 2008 through November 2011.
In this cluster, there were 2.9 and 2.7 times more cases of lineages
2.2, 2.1 than the expected under the null hypothesis of even
distribution of lineages. Lineage 1.2 was either non-clustered or
fell within this second cluster within the expected frequency. Non-
lineage associated isolates were present only 1.1 times over the
expected frequency under the null hypothesis of even distribution
of lineages. Results of the directional test, which was run for
lineage 1.1, indicated that this lineage spread on a mean direction
of 56.11 NW (Po0.01) from its most SE isolation (latitude 18.647,
longitude 99.648 in October 2006) to its most NW isolation
(latitude 34.17, longitude 107.015 in June 2012) at a rate of
267.7 Km/year.
Discussion
Mexico provides many interesting opportunities for studying
the transmission and maintenance cycles of VSNJV based on the
existence of endemic and non-endemic regions. The endemic
regions are characterized by tropical weather (high levels of
precipitation and mean temperatures of 25 1C while the epidemic
areas are characterized by arid/semiarid weather with the mean
temperature between 151 and 20 1C (Mason et al., 1978). In the
Fig. 3. Maximum likelihood phylogenetic analysis showing genetic relatedness among viruses in lineages 1.1 (n¼91) and 1.2 (n¼9). For outgrouping we included related
viruses isolated in Veracruz in 2000. All lineage 1.1 isolates were collected from Mexican states outside the endemic area (Chiapas, Tabasco and Veracruz) including central
and northern Mexico and southwestern USA. All isolates in lineage 1.2 are from endemic states. Strains with identical sequences collected during the same month and year
from the same state and species are indicated by numbers separated by commas. The ﬁve US viruses in lineage 1.1 are listed in bold.
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southern states of Veracruz, Chiapas and Tabasco, numerous
VSNJV outbreaks are reported every year (Mason et al., 1978).
A previous study analyzing laboratory-conﬁrmed cases of VS in
Mexico from 1981 to 1998 showed that outbreaks occurred every
year in each of these three southern states for 17 consecutive years
indicating that this is an endemic region for VSNJV (Rodriguez
et al., 2000). Viruses circulating in these states, along with other
endemic regions in Central America, show very high genetic
diversity with multiple viral lineages causing disease concurrently
in a relatively small geographic area. A previous report estimated
the %nt similarity of viruses circulating in endemic areas of Mexico
at 93.1% (Rainwater-Lovett et al., 2007). This high diversity is
exempliﬁed in the multitude of branches comprised of isolates
circulating from 2005 to 2011 in Chiapas, Veracruz and Tabasco
shown in Fig. 2. In contrast, VS case occurrence in the central and
northern states of Mexico is more sporadic, with periods of up to
8 years without case reports (Rodriguez et al., 2000). Outbreaks
occur more often in the central states compared to the northern
states, presumably due to their geographic proximity to the
endemic foci in the south. A characteristic of epidemics in the
northern states is the genetic homogeneity of the VS viruses from
these outbreaks, where only a single genetic lineage exists during
any given year as can be seen in Figs. 3 and 4. Our phylodynamic
analysis also provides insight into a likely source of epidemics
within Mexico. The phylogeny of lineage 1.1 as well as the cluster
analysis and directionality test of these viruses clearly showed that
they were the source for the VS epidemic in central and northern
Mexico from 2006 to 2009. Interestingly, we also found that the
closest genetic lineage to 1.1 was lineage 1.2, which was found a
year earlier (2005) circulating in an endemic state (Tabasco).
The typical pattern of VSV outbreaks in the southwestern US
consists of a 1–3 year epidemic cycles occurring every 8–10 years
and starting in the southwestern states bordering Mexico (Ari-
zona, Texas, or New Mexico) (Rainwater-Lovett et al., 2007;
Rodriguez et al., 2000). Two hypotheses exist regarding the root
cause of these recurring outbreaks. One proposes that in the
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Fig. 4. Maximum likelihood phylogenetic analysis of viruses in the Northern Central American clade II. Strains with identical sequences collected during the same month and
year from the same state and species are indicated by numbers separated by commas. The 57 isolates from Mexico grouped within lineage 2.1 or lineage 2.2, one virus
(NJ0905CPB2) grouped separately (indicated by an arrow). All clade II isolates available in GenBank, including the 10 isolates from Guatemala and the 3 from Belize, are
included in this analysis.
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southwestern US, VSV has an endemic transmission cycle invol-
ving a sub-clinical reservoir species from which the virus occa-
sionally causes clinical disease in susceptible species (Webb et al.,
1987). The second hypothesis is that each VSV outbreak in the
southwestern US is a separate introduction from a removed
endemic area (Rainwater-Lovett et al., 2007; Rodriguez et al.,
2000). The close genetic relationship of US isolates to Mexico
isolates was originally demonstrated using T1 RNA-nuclease
ﬁngerprinting (Nichol, 1987). Additional phylogenetic analysis of
US outbreaks has demonstrated that the causative viruses typically
share a more recent common ancestry with viral strains in Mexico
rather than the previous outbreak in the US (Rainwater-Lovett
et al., 2007; Rodriguez et al., 2000). Furthermore, it was recently
shown that epidemic viruses can overwinter in the US for up to
3 years, however, eventually they become extinct and new out-
breaks are associated to new viral incursions from endemic
regions (Perez et al., 2010).
The viruses causing the outbreaks in New Mexico in 2012 all
grouped within lineage 1.1 and were nearly identical in partial P
sequence to viruses causing outbreaks in central Mexico as early as
2006 and very similar to viruses circulating in endemic areas of
southern Mexico in 2005–2006. Based on our phylodynamic
analysis, it is clear that lineage 1.1 viruses were responsible not
only for the 2012 outbreaks but also likely for those reported in
the US in 2009 and 2010. Unfortunately, no virus was available
from the 2009 or 2010 US outbreak for phylogenetic analysis to
support this. However, the sum of our analysis is consistent with
the hypothesis that each VS outbreak cycle in the US is caused by a
separate introduction of a discrete viral lineage that: (i) originates
in an endemic area of southern Mexico, (ii) moves to non-endemic
states in central Mexico, (iii) spreads to the northern states of
Mexico and (iv) causes outbreaks in a southwestern US state
which shares a border with Mexico. To the authors' knowledge,
this is the ﬁrst report of the phylodynamic tracking of an epidemic
through Mexico and into the United States. This work provides
direct evidence for the utility of a previously proposed real-time
surveillance system monitoring epidemics in central/northern
Mexico (Arroyo et al., 2011) to warn of viruses likely en route to
the US.
Phylogenetic analysis has shown that geographic or ecological
factors are more likely determinants of evolutionary relationships
of VS viruses rather than time or host associated factors (e.g.
immune pressure) (Nichol et al., 1993; Vernon et al., 1990). Further
analysis showed viruses circulating in geographically distant
endemic regions of similar ecological characteristics were geneti-
cally close whereas viruses from geographically close but ecologi-
cally different regions were genetically different (Rodriguez et al.,
1996). Viruses circulating in Mexico are genetically diverse, how-
ever, all previously characterized isolates group within clade I
along with other North American viruses. An interesting ﬁnding of
our work is the presence of 58 viruses collected from 2005 to 2011
that are genetically distinct from all previously characterized
isolates from Mexico. These 58 isolates group within the northern
Central American clade II, previously comprised only of isolates
from Guatemala, Belize, Honduras, Nicaragua, El Salvador and the
Ogden strain, collected in Utah (US) in 1949. This is the ﬁrst report
of viruses in Mexico that do not group genetically in the North
American clade I. Our phylodynamic analysis suggests that these
58 isolates represent multiple incursions into southern Mexico
from Guatemala/Belize. However the lack of current northern
Central American isolates (the most recent was collected in
1987) limits the conclusiveness of this interpretation.
It is worth noting that the majority (67%) of isolates collected in
the endemic states of Veracruz, Tabasco and Chiapas from 2008 to
2011 belong to the Central American clade II. We do not know
what the signiﬁcance of this observation is or its implications for
the epidemiology of VS in central and northern Mexico (and
potentially the US). Additional prospective surveillance and sam-
pling in Mexico is necessary to discern whether or not the clade II
genotype will either: become extinct, persist, or become the
dominant genotype in this region and beyond. An additional
intriguing characteristic is the spread of lineage 2.1 as illustrated
in Figs. 4 and 5. Temporally, this lineage begins in the southern
states of Chiapas, Tabasco, Campeche and Oaxaca in 2008, but by
2011 it is found in the central states of Guerrero and Puebla. If this
trend of northward migration continues it is possible that clade II-
genotype viruses could represent a potential risk to northern
Mexico and the southwestern US. It is difﬁcult to predict the time
line for this potential incursion but if we see a similar trajectory to
that of lineage 1.1, moving at 267 km/year, then clade II genotype
viruses could reach the US border as soon as 2017. This prediction
should be taken carefully as there might be undetermined external
variables, such as climatological factors and vector prevalence that
can dramatically change the dynamics of viral geographic
distribution.
Interestingly, the introduction of viruses from a Central Amer-
ican genetic lineage into the US might have previously occurred.
The Ogden strain is a classic reference strain of VSNJV isolated
from Utah in 1949 (Hanson, 1952). Its genetic grouping with
Central American viruses in clade II has been puzzling researchers
for many years. This study provides a plausible explanation for the
origin of the Ogden strain as a virus from Central America moving
into southern Mexico and through central and northern Mexico
into Utah. The lack of samples from that period in Mexico, likely
due to the presence of foot-and-mouth disease eradication efforts
at the time and limited capabilities for virus isolation, prevent
conclusive evidence of this migration. The potential incursion of
clade II viruses into the US could confound molecular based
diagnostic assays that work well with the traditional North
American clade I but poorly with clade II viruses. Implementation
of a real-time surveillance system covering both endemic and
epidemic outbreaks in Mexico would be essential in further
exploring this issue.
There are a number of possible factors that could have
inﬂuenced the broader distribution of lineage 1.1 in Mexico and
its eventual incursion into the US, such as increased transmissi-
bility by insect vectors or higher virulence or a combination of
both (Brault et al., 2002; Brault et al., 2002aWeaver et al., 2004).
It is also possible that there were factors extrinsic to the virus,
such as more favorable environmental conditions with increased
Fig. 5. Spatial distribution of 181 isolates of VSNJV collected in Mexico and the US
from 2005 to 2012. Colors indicate cluster (red is cluster 1, green is cluster 2 and
blue is unclustered) and shapes indicate lineages (circle is lineage 1.1, square is 1.2,
triangle is 2.1, pentagon is 2.2 and hexagon is all non-lineage associated isolates).
The two-letter state abbreviation (see Methods) is given for all of the affected
states.
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relevant vector population as has been documented for other
arboviruses (Delatte et al., 2011; Raharimalala et al., 2012; Sellers
and Maarouf, 1988). We do not have evidence to rule out these
possibilities. However, considering that of the 118 clade I isolates
from Mexico, belonging to multiple distinct lineages, only lineage
1.1 was found causing outbreaks in central/northern Mexico and in
the southwestern US, this suggests that this lineage might have a
unique characteristic(s) that favors transmission either by
increased virulence in its mammalian host (e.g. cattle/horses) or
increased transmissibility by the insect vector or a combination of
both. We are currently carrying out studies to explore these
possibilities.
Our research provides valuable insight into the transmission
cycle of VSNJV in endemic areas and the dynamic relationships
among different genetic lineages co-circulating in these areas.
Given the sporadic nature of VS outbreaks in the US and the lack of
a licensed vaccine, preventive measures such as quarantines,
vector control and protection of livestock from insect bites are
the main methods available to control outbreaks. This research
suggests that monitoring the movement of viral genetic lineages in
endemic and non-endemic areas of Mexico might provide an early
warning for future VS incursions into the US and allow early
preventive measures in order to minimize the impact of VS
outbreaks. In addition, understanding the multiple factors inﬂuen-
cing the phylodynamics of VSNJV and the mechanisms mediating
the escape of speciﬁc genetic lineages into non-endemic areas
of Mexico and the US could potentially provide insight into
the transmission cycles of other arboviruses circulating in the
same regions such as Venezuelan equine encephalitis and West
Nile virus.
Methods
Viral strains
A total of 181 clinical samples with laboratory conﬁrmation of
VSNJV, were sequenced in this study (Supplemental Table 1).
These viruses, derived from clinical outbreak samples comprising
bovine (n¼164), equine (n¼9), porcine (n¼7) and caprine (n¼1)
were obtained from the laboratory of the Mexico-US Exotic Animal
Disease Commission (EADC) for Mexico samples, or from ﬁeld
veterinarians working with USDA-APHIS veterinary services or the
New Mexico Livestock Board. Samples consisted of epithelia
collected in Mexico (n¼176) or oral swabs collected in the US
(n¼5) taken from clinically infected animals and were diagnosed
as positive for VSNJV by a combination of antigen ELISA, viral
isolation and/or RT-PCR. Samples were collected between 2005
and 2011 from 19 different states in Mexico and 1 state in the US
(New Mexico) in 2012. The numbers of samples per state
sequenced in this study were as follows: Aguascalientes (n¼1),
Campeche (n¼2), Chiapas (n¼26), Chihuahua (n¼1), Colima
(n¼1), Estado de Mexico (n¼2), Guanajuato (n¼4), Guerrero
(n¼22), Jalisco (n¼22), Michoacán (n¼20), Morelos (n¼1),
Nayarit (n¼2), New Mexico (n¼5), Oaxaca (n¼16), Puebla
(n¼2), Queretaro (n¼1), Sinaloa (n¼6), Sonora (n¼1), Tabasco
(n¼21) and Veracruz (n¼25). The standard nomenclature of
VSNJV was used to identify the isolates used in this study, starting
with the serotype (NJ), the month (when available) and two digit
year of isolation, a two-letter abbreviation of the state or country
of origin, and the species affected (B, bovine; C, caprine; E, equine;
P, porcine). Numbers given after the affected species designation
indicate multiple samples from the same state, collected from the
same species during the same month and year. The two-letter
state abbreviations used were: AC, Aguascalientes; CE, Campeche;
CH, Chihuahua; CM, Colima; CP, Chiapas; GJ, Guanajuato;
GR, Guerrero; JA, Jalisco; MH, Michoacán; MR, Morelos; MX,
Estado de Mexico; NM, New Mexico (US); NR, Nayarit; OA, Oaxaca;
PB, Puebla; QU, Queretaro; SI, Sinaloa; SN, Sonora; TB, Tabasco; VC,
Veracruz.
RNA extraction and RT-PCR
Samples were initially processed either in CPA (samples from
Mexico) or PIADC (samples from the US). Viral RNA was extracted
directly from the epithelia or oral swabs using an RNeasy kit
(Qiagen) and kept at 70 1C until tested. RT-PCR reactions were
performed with a OneStep RT-PCR kit (Qiagen) following the
manufacturer instructions. We used two sets of primers to amplify
a 526 nt product containing a portion of the hypervariable region
of the phosphoprotein (P) commonly used for phylogenetic
reconstructions: NJP-170F 5′-AATCGTCAGATTCAGATACTGAC-3′
with NJP-739R 5′-TYYGGGCATACTGARTRATA-3′ for reactions per-
formed in Mexico and the previously described primers NJP-102F
and NJP-831R (Rodriguez et al., 2000, 1993) for reactions per-
formed in the US. Products were analyzed on agarose gels and
visualized by ethidium bromide staining.
Sequencing and phylogenetic analysis
RT-PCR products were puriﬁed using QIAquick PCR puriﬁcation
kits (Qiagen) and sequenced by dideoxy sequencing using a BigDye
Terminator Sequencing kit on a 3730A automated sequencer
(Applied Biosystems). Sequencher software v4.8 (GeneCodes)
was used to analyze the raw sequence ﬁles and alignments
containing 408 nt of the P hypervariable region were constructed
using Clustal_X (Thompson et al., 1997). Additional sequences of
38 previously determined VSNJV isolates, including previous out-
break sequences from the southwestern US and all available clade
II sequences in GenBank, were added to enhance our phylogenetic
analysis. Phylogenetic trees were reconstructed using the Max-
imum Likelihood optimality criterion as implemented in PAUP*
v4.0b10 (Swofford, 2003). Nucleotide and amino acid percent
similarities were calculated using MEGA 5 (Tamura et al., 2011).
From the topology of these phylogenetic trees, we identiﬁed four
monophyletic groups of interest that we deﬁned as lineages 1.1 (91
isolates), 1.2 (9 isolates), 2.1 (42 isolates) and 2.2 (15 isolates)
based on their phylodynamic and epidemiological characteristics.
Assessment of time–space clustering of lineages
We determined the geographic coordinates (latitude, longitude,
expressed as decimal degrees) of each virus isolate either from the
case report or from the coordinates of the nearest town or country
where the sample was collected. The multinomial model of the
time–space scan statistic (Jung et al., 2010) was applied to the data
to identify periods of time and geographic locations in which the
probability of identifying speciﬁc genetic lineages was signiﬁcantly
larger than the expected under the null hypothesis of even
distribution of lineages in time and space. Additionally, signiﬁ-
cance of the mean directional spread (ai) of genetic lineages
identiﬁed in northern Mexico and the United States was assessed
using a directional test, where the null hypothesis is that the
lineage spread randomly (Shiilegdamba et al., 2008). The scan
statistic and the directional tests were implemented using the
SatScan (http://www.satscan.org) and ClusterSeer (TerraSeer, Inc)
softwares, respectively. For each test, signiﬁcance was computed
using a Monte Carlo process implemented in 999 simulations
(Shiilegdamba et al., 2008).
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